Insight in stability of dietary behaviour over time is important because only a single measurement of diet is often available to study the association between eating behaviour and the occurrence of chronic diseases many years after baseline data collection. Little is known about changes in dietary patterns over time. The current study examined the (internal) stability and reproducibility of dietary patterns, and the transition of individuals between patterns over time at three surveys within one study population, using cluster analysis. Dietary intake of participants of the Doetinchem cohort study in 6113, 4916 and 4520 adults in 1993-1997, 1998 -2002, and 2003-2007 respectively, was measured using a validated food frequency questionnaire. Stability and reproducibility of dietary patterns were studied by examining the optimal number of clusters per survey, by comparing the contribution of food groups to total energy intake within the clusters over time, and by studying transitions of individuals between clusters over time. A low fiber bread pattern and a high fiber bread pattern were identified at all three surveys.
Introduction
Dietary patterns have emerged as an effective way of describing and quantifying eating behaviour [1] and have increased our understanding of the role of diet in chronic diseases [2] . The assumptions about the stability of dietary patterns, and consequently the use of repeated measurements when predicting health outcomes, vary widely in current research. While some studies update their dietary exposures every two years in order to have representative exposure data on habitual dietary intake [3] , others assessed exposures only once while assessing associations with chronic diseases 9 [4] , 10 [5] , or even 23 years [6] after baseline. Often only a baseline measurement is available, preventing consideration of changes in dietary patterns that may have occurred between baseline and follow-up. Individuals who changed their intake are therefore likely misclassified according to dietary intake, and may bias the associations with disease. It is to be expected that using repeated measurements may reduce the amount of measurement error in the estimates of dietary intake, but few studies have the possibility to use multiple repeated measurements in order to understand the nature of changes in dietary patterns over time [7] [8] [9] [10] . Insight in dietary changes over time is important as the role for timing and targeting of a public health message has been highlighted [10] .
Different methods are available for characterizing dietary patterns in a population [1, [11] [12] [13] . Up to now there has been a focus on factor analytic methods, e.g. principal component analysis (PCA), to better understand the stability and reproducibility of dietary patterns over time within the same or different study populations [7, 9, [14] [15] [16] .
Overall, studies suggest that dietary patterns measured by the use of PCA are reproducible over time [7] and that frequent updates of dietary exposure are likely not necessary, but become increasingly necessary after 6-7 years [9] . However, little is known about the internal stability and reproducibility of dietary patterns that are derived using cluster analysis. Clusters are arguably easier to interpret than principal components as patterns are created that are mutually exclusive; each subject belongs to only one cluster.
The objectives of this study are therefore to describe the stability and reproducibility of dietary patterns using cluster analysis, specifically, within one adult study population and to understand: (1) whether the optimal number of dietary patterns that explain variation in dietary intake remains stable (stability); (2) whether these dietary patterns are comparable over time, i.e. the food groups composing them remain unchanged (reproducibility); and (3) to study the transition of individuals between dietary patterns over time.
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Methods

Participtants
The Doetinchem Cohort Study is previously described elsewhere [17] . In brief, it is a population based longitudinal cohort study in which participants were randomly selected from an age-and sex-stratified sample from the civil registries of the town of Doetinchem aiming to study the impact of (and changes in) lifestyle factors and biological risk factors on aspects of health. A two-third random sample was invited for follow-up measurements at 6, 11 and 16 years after the first survey, during [1993] [1994] [1995] [1996] [1997] 
Food Frequency Questionnaire
From survey 2 (1993) onwards, an extensive nutrient and food group validated FFQ was administered. This FFQ was developed for the EPIC-Study, a prospective study into nutrition and cancer [18, 19] . The EPIC FFQ contains questions on the habitual frequency of consumption of 79 food groups during the year preceding enrolment. Further information was sought on consumption frequency for different sub-items, preparation methods and additions, which ultimately allowed the estimation of consumption for 178 food items.
Food intakes were calculated in grams per day by multiplying the consumption frequency with the portion size, which was either estimated with standard weights or provided by the participants. Total energy (kJ/g) intakes were then estimated using an extended version of the 1996 computerized Dutch food composition table [20] . Food items were grouped into 32 food groups, based on 23 standard Dutch food groups defined by the Dutch food composition table 1996 [20] and other studies [21, 22] . As a result, some of the food groups were broken down, e.g. "bread" was divided into "high fiber bread" and "low fiber bread".
Data analysis
Regardless of the food grouping strategy selected, it has been recommend to use energyadjusted variables to account for the energy compositions of the diet rather than using variables that are derived from absolute dietary intakes [23] . The nutrient density model [24] was used to adjust for energy intake for all food groups to account for the energy content of the diet [23] . Thus, for each food group energy intakes (kcal) were divided by the total energy intake to derive the percentage energy they contribute to the diet. stability and reproducibility of dietary patterns | chapter 4
K-means cluster analysis
Multiple clustering algorithms exist. Of these K-means cluster analysis (KCA) is the most widely used method in the literature, aiming to minimize differences within each group (within-cluster homogeneity) while maximizing the differences across groups (betweencluster heterogeneity). In this study, KCA was used to obtain solutions ranging from 2 to 6 clusters (function kmeans) in R-package stats) [25] . No standardization of variables was used beyond energy adjustment, as studies have shown that standardization can give undue influence to minor food groups [12] .
Internal cluster stability and reproducibility of clusters: is the optimal number of clusters stable over time?
Several methods were applied to better understand the internal cluster stability and reproducibility of clusters in order to determine the optimal number of clusters to extract for further analysis. First, for all cluster solutions the data of the food groups were re-sampled using the bootstrapping technique (clusterboot; in R-package fpc) [26] with 50 re-sampling runs. Second, we examined the internal cluster validity for all cluster solutions using several Internal Cluster Validity Indices (ICVIs). These indices have been proposed to assess the homogeneity and/or heterogeneity of the clustering solution and measure the goodness of a cluster solution relative to other solutions and help finding the optimal solution. We computed three indices, i.e. (1) the Calinski-Harabasz index (CH-index, index.G1; in R-package clusterSim), (2) the Davies-Bouldin-index (DB-index, index.DB; in R-package clusterSim) and (3) the prediction-strength method (prediction. strength; in R-package fpc). Results of these analyses have been included as online supporting material.
After choosing the two cluster solution as optimal to describe the data, we tabled the mean percentage contribution to total energy (%TE) intake of the food groups. The clusters (from now on named dietary patterns) were then labelled according to the food groups that contributed the highest %TE compared to other pattern. For each food group we calculated the mean difference (and 99% confidence intervals) in contribution to total energy intake between the derived clusters within one survey. Food groups with non-significant mean difference (99%CI) were considered of minor importance to the pattern characteristics. Food groups with a 40% higher contribution to total energy intake in one or more dietary patterns as compared to the other pattern within the same survey were considered to be "highly important", those with a 20 to 40% higher contribution to total energy intake were considered to be "important". Also daily nutrient intakes were compared across clusters within one survey.
Since KCA is sensitive to outliers, we checked whether the same results would be found in each survey using a more robust method called Partitioning Around Medoids (PAM). However, we obtained similar results for all three surveys (data not shown).
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Stability of dietary patterns over time
We studied whether the intake of foods within each of the dietary patterns changed over time. For example, whether the difference in intake of red meat between the derived patterns remained relatively similar in each of the survey rounds. We did this by subtracting the mean percentage to total energy intake of a food group in pattern 1 from the intake of that same food group in pattern 2. We considered the change to be relevant when their percentage contribution to total energy intake changed with more than an arbitrary cut-off of 5% compared to the other surveys.
Transitions of individuals between dietary patterns over time
To study transitions of individuals between dietary patterns over time we determined the proportion of participants who were assigned to the same pattern (stable eaters) and to different patterns (transitioners) over a 10-year period. Furthermore, we calculated the relative changes in food group consumption from survey 2 to survey 4 between the individuals that had a stable dietary pattern compared to those with an unstable dietary pattern. This analysis was performed by dividing the mean %TE of a specific food group in survey 4 by the mean %TE of that specific food group in survey 2. Those relative changes were calculated to gain insight into what differences in food intake consumption could potentially have caused a transition from one pattern to another.
Results
Internal cluster stability and reproducibility of clusters
A total of 6113, 4916 and 4520 men and women filled out the FFQ at survey 2, survey 3 and survey 4 respectively. Most cluster solutions obtained Jaccard similarities > 0.85 indicating that they were highly stable, but in all three surveys, the 2-cluster solution appeared to be the most stable. These results are well in line with the Internal Cluster Validity Indices, which also indicated that in all surveys the two cluster solution was optimal, except for the Davies-Bouldin's index of the three cluster solution in survey 2 and the six cluster solution in survey 4 (Supplemental table 1 and supplemental table   2 , online supporting material). Therefore, the two-cluster solution was chosen for the remainder of the analysis presented in this paper.
The two dietary patterns were largely similar in all three surveys with respect to the %TE intake of the food groups. Pattern 1 was the most prevalent cluster in survey 2 and survey 4 (73.1% and 66.3% of the total sample, respectively), and was characterized by a high %TE from high fiber bread, cakes and cookies, and cheese (Table 1) . In all three surveys, pattern 2 was characterized by a high %TE from low fiber bread, sugar sweetened beverages, "other" alcoholic drinks, and fries. As both clusters were characterized by a high %TE of bread (high fiber bread 15%, 13% and 16% for cluster 1; low fiber bread 9%, stability and reproducibility of dietary patterns | chapter 4 16% and 7% for cluster 2), we labeled the patterns as either the healthier "high fiber bread" pattern or the less healthy "low fiber bread" pattern.
Besides type of bread, in survey 2, the %TE was higher in the high fiber bread pattern compared to the low fiber bread pattern for high fiber cereals, while it was lower for soft drinks and "other" alcoholic drinks (Table 1) . Differences were less consistent for other food groups e.g. fish, wine, fruit juice, soups, low fiber cereals, and potatoes. In survey 3, the %TE of wine, high fiber cereals, and raw vegetables was higher in the high fiber bread dominated pattern as compared to the low fiber bread pattern. In this survey differences were less consistent for e.g. chicken, eggs, soups, low fiber cereals, oil, fat and butter. In survey 4, the %TE was higher in the low fiber bread dominated pattern compared to the high fiber bread pattern for "other" alcoholic drinks. Differences were less consistent for other food groups e.g. chicken, processed meat, high fat fish, eggs, low fiber cereals and potatoes.
Overall participants in the high fiber dietary pattern were older, more likely to be female, had a higher education level and a relatively higher prevalence of type 2 diabetes as compared to the low fiber dietary pattern. In general, the intake of total protein, vegetable protein, animal protein and fiber was higher in the high fiber bread pattern as compared to the low fiber bread dietary pattern, while the intake of total energy, fat (both saturated and monounsaturated), cholesterol and alcohol was lower ( Table 2) .
Stability of dietary patterns over time
Although the analysis extracted largely similar dietary patterns in all three surveys with respect to the %TE intake of food groups, small differences in food group composition was found across surveys. For example, soft drinks with sugar were allocated to the low fiber bread pattern in survey 2, but the difference in intake of soft drinks with sugar between the patterns became less pronounced in surveys 3 and 4. High fiber cereals can serve as another example, the intake was clearly higher in the high fiber bread pattern in both survey 2 and 3, but the difference became less pronounced between the patterns in survey 4. We found that the two patterns retained their relative difference in food intake at each of the surveys. In other words, the relative intake of foods in each pattern did not change with more than 5% per survey ( Figure 1 ). Low fibre bread was the only exception: in survey 2 the relative difference between pattern 1 and pattern 2 was -7.06 %TE; in survey 3 this was -13.1 %TE; in survey 4 this was -4.56 %TE. Thus the differences between the rounds was >5% when comparing round 2 and 3 and 3 and 4 but not between 2 and 4.
part 1 | methodology The food group contributing a significantly higher percentage of energy in one cluster compared to the other cluster. Food groups with non-significant t-test (99%CI) are not allocated to one of the clusters.
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Highly important food groups as defined by >1.4 times the %TE for one compared to the other cluster. Important food groups as defined by 1.2-1.4 times the %TE for one compared to the other cluster part 1 | methodology 
Dietary components
Total energy intake (MJ)
9.1 ± 2.4
9.8 ± 2.9
8.7 ± 2. 
Transitions of individuals between dietary patterns over time
During the 10-year period, 4007 participants completed all three FFQs. Of these participants, 30.7% was assigned to the high fiber bread pattern in all three surveys, and 11.1% was assigned to the low fiber bread pattern in all three surveys (Figure 2 ). When only taking survey 2 and 4 into account, which represents the longest time frame (10 years) we found that 57.8% of participants was consequently assigned to the high fiber bread pattern in both surveys, 15.2% was assigned to low fiber bread pattern at both surveys, 18.7% went from the high to low fiber bread pattern, and 9.6% went from the low to a high fiber bread pattern. Comparing participants who had a stable versus an unstable dietary pattern (transitioners) over this 10 year period (Table 3) , we see that part 1 | methodology participants who were consistently assigned to the high fiber pattern were older, and were more likely to have a higher education, however, as compared to the participants that were consistently assigned to the low fiber dietary pattern, they also had a higher prevalence of diabetes. Additionally, we found that among participants with a stable dietary pattern, the relative differences in %TE of the food groups that characterize the clusters were close to 1. This indicates that among this group of stable eaters no significant differences have occurred in food consumption over this 10-year time frame.
Transitioners had higher relative differences in the %TE of important food groups as compared to individuals who had a stable dietary pattern (0.27-3.01 vs. 0.86-1.88 respectively). The largest relative changes in intake were observed for high fiber bread (0.55 for high to low fiber bread pattern transitioners and 3.01 for low to high fiber bread transitioners) and low fiber bread (1.96 for high to low fiber bread pattern transitioners and 0.27 for low to high fiber bread transitioners respectively). 
Discussion
Within this population-based longitudinal study, we derived two highly reproducible dietary patterns at three surveys using KCA over a 10-year time frame. Although some changes were observed over time, in general, one pattern was characterized by high intakes of high fiber bread as well as, fruit and low-fat milk products, whereas the second dietary pattern included individuals that had a relatively higher intake of low fiber bread, sugar sweetened beverages, alcoholic beverages other than wine and French fries, resulting in a higher intake of total calories and fat. High versus low fiber bread discriminated the two dietary patterns best and therefore the dietary patterns were Table 3 . 1 Within each group (stable high fiber bread eaters, transitioners from the high to low fiber bread pattern, transitioners from the low to high fiber bread pattern, and stable eaters in the low fiber bread pattern) the ratio was calculated by dividing the mean %TE intake of a food group at survey 4 by the mean %TE intake of that same food group at survey 2 part 1 | methodology labeled as such. The derived dietary patterns appeared to be stable over time; none of the food groups, except for low fiber bread changed with more than 5% in TE intake contribution over the 10-year time frame. Nevertheless, a large proportion of participants transitioned from one dietary pattern to another over the study period. Results of the long term changes (survey 2 versus survey 4) in individuals' cluster assignment show that participants who changed their dietary pattern had a greater change in their intake of (highly) important food groups (i.e. sugar and sweets, soft drinks with sugar wine, other alcoholic drinks, high fiber bread, low fiber bread, high fiber cereals, raw vegetables) than those participants who had a stable dietary pattern. This implies that most 'transitioners' had a substantial change in intake, rather than a borderline change that coincidentally caused them to be allocated to the other cluster. As this change seems to be highly driven by one food group (bread) this may imply that the consumption of other food items over time were more stable for the other food groups, and misclassification would be less severe.
It has been suggested that a diet high in fiber-rich, low-glycemic-index foods may result in lesser amounts of central adiposity [27] . This is further supported by the finding that participants following a low fiber or white bread pattern had significantly greater annual gains in waist circumference [28] . Our results might therefore indicate that dietary recommendations with a focus on type of bread intake may be meaningful in populations with high bread consumption. Bread (either high and low fiber) is a commonly consumed breakfast and lunch food in the Netherlands [29] , a fact also reflected by the 7-16% contribution to total energy intake in this study. This implies that, interventions focusing on bread consumption while aiming to improve dietary behaviour of the Dutch population are warranted.
K-means cluster analysis derived valid, highly stable clusters for most solutions; however, the internal cluster validity indices suggested that the 2-cluster solution explained the dietary behaviour in this population best in all three surveys. Nevertheless, it is important to mention that diagnostics were also favorable for up to 4 cluster solutions. Thus our decision to base further analysis on the 2 cluster solution may have impacted the conclusions drawn in this paper.
Although bread (either low or high fiber) determined a large part of the energy intake in the Doetinchem cohort Study, it was not found to play a similar role in another study examining dietary patterns of the Dutch population [30] . However in that study low and high fiber bread were not defined as separate food groups but were included in the "cereals" food group, again showing that the groupings of food, and thus the number of variables entered into the analysis procedure, are likely to influence the degree of detail captured by the merging food patterns [31] [32] [33] . Although direct comparison of dietary patterns across study populations is not the main goal of most studies, attempts at international harmonization of food groups would provide the possibility to make stability and reproducibility of dietary patterns | chapter 4 better inferences about reproducibility of dietary patterns across countries or between different ethnicities. In addition, different results may be obtained when input variables
are not transformed to %TE, which has major consequences for the indication of important food groups in the diet. Adjusting for total energy intake is recommended in KCA because energy needs are determined by body size, age, physical activity, and other factors, and may also help to reduce measurement error (21) and because it provides useful insights in the dietary quality [33] . It has been found that treating variables as unstandardized, percent energy contribution provided the best discrimination across clusters [33] . Adjustment for energy intake remains a debated topic in nutritional epidemiology.
Other studies [33] [34] [35] have also found patterns labeled as "fiber bread" and "white bread". In the study of Wirfalt et al. [33] the dietary patterns were comparable with the patterns found in this study in the sense that the two types of bread contributed most to energy intake as compared to other food groups (about 18-12 % for the two types of bread compared to 6-3% for most other food groups in the clusters). Abu-Saad et al. showed that consumption of predominantly white-flour bread diet was associated with a 9.85 fold greater risk of having one or more chronic conditions as compared with a predominantly whole-wheat bread diet [35] . Nevertheless, apart from the type of bread, other food group definitions have been used in the other studies, restraining us from making general inferences about the health consequences of a bread-type dominated dietary pattern.
Our study raises interesting questions about the long-term stability of dietary patterns derived by cluster analysis over time. This study provides evidence that overall dietary behaviour of the total group of middle-aged men and women changed little over time, as comparable patterns were found at three survey points. However, the majority of respondents were not consistently assigned to the same dietary pattern at the different time points. This suggests that whether dietary patterns can be considered as stable over time depends on whether the criterion for stability relates to the dietary data or to the population under study. In other words, dietary patterns can be considered stable when the optimal number of clusters to describe the data and food groups that characterize these clusters is determined, but these derived clusters do not necessarily translate into stable dietary behaviour among adults. This has also been observed in a study among children [36] . In this light, it is important to note that there is likely expected natural variation in eating patterns both within and between individuals, causing people to transition between dietary patterns. These changes may depend on characteristics of study participants such as sex and age, secular trends in local food markets, consumption of new food items not included in the original FFQ, and many other factors. This natural variation does, however, not necessarily compromise the validity of the methods [1] , and has also been observed in other studies of the stability and reproducibility of dietary patterns. In these studies, other methods (confirmatory factor analysis and principal part 1 | methodology component analysis) have been used to study the stability and reproducibility of dietary patterns [7, 9, 15] . Newby and colleagues [7] Although the reproducibility or longitudinal changes in dietary patterns using other methods has been undertaken [7] [8] [9] [10] 14] , to our knowledge, this is the first study Online supporting material
Internal cluster stability and reproducibility of clusters
Several methods were applied to better understand the internal cluster stability and reproducibility of clusters in order to determine the optimal number of clusters to extract for further analysis. First, for all cluster solutions the data of the food groups were re-sampled using the bootstrapping technique (clusterboot, in R-package fpc) [26] with 50 re-sampling runs. In each run, the Jaccard similarities of the original clusters to the most similar clusters in the re-sampled data were computed. There is some theoretical justification to consider a Jaccard similarity value smaller or equal to 0.5 as an indication of a "dissolved cluster". Generally, a valid, stable cluster should yield a mean Jaccard similarity value of 0.75 or more. Between 0.6 and 0.75, clusters may be considered as indicating patterns in the data, but which points exactly should belong to these clusters is highly doubtful. Below average Jaccard values of 0.6, clusters should not be trusted.
"Highly stable" clusters should yield average Jaccard similarities of 0.85 and above [26] .
Second, we examined the internal cluster validity for all cluster solutions using clusters that leads to a prediction strength of ≥ 0.8 to be optimal [26] .
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After choosing the optimal number of clusters to describe the data, we tabled the mean percentage of energy of food groups contributing to total energy intake (%TE) of the food groups. The clusters were then labelled according to the food groups that contributed the highest %TE compared to other clusters. For each food group we calculated the mean difference (and 99% confidence intervals) in contribution to total energy intake between the derived clusters within one survey. Food groups with non-significant mean difference (99%CI) were considered of minor importance to the cluster characteristics.
Food groups with a 40% higher contribution to total energy intake in one or more clusters as compared to the other cluster within the same survey were considered to be "highly important", those with a 20 to 40% higher contribution to total energy intake were considered to be "important". Also daily nutrient intakes were compared across clusters within one survey.
Since KCA is sensitive to outliers, we checked whether the same results would be found in each survey using a method that is less sensitive to outliers, the more robust 
